ZETA is an experimental apparatus for studying the pinched ring discharge as a possible method of producing controlled thermonuclear power. The principle of this method is that the self-magnetic field of the discharge current isolates the plasma from the walls of the discharge tube. 1 An advantage of this method, particularly as regards experimental studies, is that the electromagnetic fields required to heat and contain the plasma can be provided both readily and efficiently. An important obstacle is the inherent instabilities of a pinched current channel. 2 ZETA was designed to heat a plasma to about a million degrees, using a unidirectional current pulse lasting several milliseconds since the maintenance of temperature for a relatively long time is an essential feature of a power producing thermonuclear reactor.
The thermal energy of the charged particles per unit length, %NkT, in a simple equilibrium pinched discharge is related to the current I by 3 = 2NkT, (1) where N is the number of charged particles per unit length, к is Boltzmann's constant and T is the mean temperature. Experiments suggested that the minimum value of N for which a high current discharge will form is about 10 17 cm" 1 . Consequently, currents of about 10 6 amp are necessary to attain a temperature of about 10 е °К. The electric field and stored energy necessary to produce such current pulses could be predetermined only within wide limits; the design parameters were therefore based on the most pessimistic assumption, that of a fully unstable discharge with a predominantly resistive impedance at a frequency of about 200 c/sec. A large bore of tube, which was adopted to reduce this impedance, is essential in a power producing reactor to avoid excessive heat loading on the inner surface. It also produces a small ratio of the skin depth to radial dimensions for a given pulse duration.
To control instabilities, a metal torus was adopted and a toroidal coil was wound on the torus to generate a magnetic field В г о parallel to the centre line of the discharge tube.
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Preliminary observations 4 with ZETA and a detailed account 5 of experiments on the origin of the D-D reactions have been published. Details of the diagnostic techniques, studies of the nuclear reaction rates and of X-ray production are given in the paper by Harding et dfi The present paper reports the principal mechanical and electrical parameters, the performance as an electrical circuit, and our present knowledge of the physical characteristics of the plasma.
DESIGN AND CONSTRUCTION Electrical
The basic circuit is shown in Fig. 1 . Energy is stored in the capacitor bank С By closing the switch Si, the capacitors are discharged into the primary winding of the transformer T, thus generating a gas discharge in the torus. The transformer is iron-cored in order to use the capacitors as efficiently as possible. The design was based on the requirement that the gas current should exceed 5xlO 4 amp for at least three milliseconds with a maximum resistive emf of 2 volt cm"" 1 at current maximum. The bore of the torus was to be 1 metre.
To reduce the cost and volume of the capacitor bank, capacitors designed to operate with mainly unidirectional voltages were adopted, and the circuit elements were therefore designed to give critical damping. Under this circumstance, the current / is given by with a peak value occurring at a time r = (LC)i.
Here V is the capacitor voltage, L the circuit inductance, t the time and С the capacitance. The restriction of critical damping is relaxed when not operating at peak voltage, and also when the clamping circuit, discussed below, is in operation.
A detailed circuit is shown in Fig. 2 . The main elements of this are described in the following sections. 42 
The Transformer
The cross section of the iron core threading the torus is determined by the product of the required electric field E at the centre of the torus and the time for which it is applied. Using Eqs. (2) , (3) and (4), the following expression is obtained: = 1.09X10»T£/(SAB), (5) where Di=diameter of the core in cm; Z>2=mean torus diameter in cm; r=pulse rise time in sec; E=electric field at peak current in volt cm- 1 ; 5= space factor of the transformer core; and ДВ=maxi-mum change of core induction in gauss.
To minimize the size of the core, and hence also the length and the energy dissipation in the discharge, it is important to use material with the highest value of ДВ. This is obtained in cold reduced steel where ДБ=32,000 gauss when the core is biassed. Taking E=2 volt cm-1 , S=0.6, т= 1.25 x 10~з sec (equivalent to 3 msec width at half peak current), Eq. (5) yields Di 2 /D2=140 cm. Since the bore of torus required Dz=Di+100 cm, the value of D% required is just over two metres. In the final design, it was found possible to accommodate slightly more iron; the core cross section is 24,000 cm 2 , giving a core constant of 7 volt sec per turn. The mean path length of the gas discharge is 1160 cm.
The transformer, illustrated in Fig. 3 , is built up from ring units made by winding steel strips 10 cm x 0.033 cm in the form of a clock spring with inner and outer diameters of 152 cm and 304 cm respectively. The units were annealed at 800 °C after the winding. The interlaminar insulation is a magnesium silicate 1519.Ï Figure 2 . Detailed circuit of ZETA film formed during annealing. Each unit has an inner supporting mandrel and an outer retaining band made from 9.5 cm x 0.63 cm mild steel strip; the weight of each complete unit is just under five tons. These ring units are mounted in two adjacent groups of eighteen, forming two tunnels into which the torus is fitted. The units are insulated from one another by phenolic sheet. The end units have modified diameters to accommodate the curvature of the torus.
Each group of ring units carries 54 turns of rubber covered cable with a copper cross section 0.65 cm 2 . Half these turns are terminated individually on one face of the core, and are the main primary winding; the other half are terminated on the opposite face and are used for biassing the core. These terminations allow the transformer ratio to be changed readily over the values 27, \Ъ\, 9, 4| and 3 to 1.
The core is biassed to 15,000 gauss by a current of 400 amp in the bias winding. This current is supplied continuously from a metal rectifier. The pulse current, due to the high voltage induced in the bias winding during the main pulse, is limited to a value equal to the dc bias current by a 54 mh iron cored choke.
The Capacitors
Energy may be stored as current in an inductance, as mechanical energy in a machine, as chemical energy in a battery or electrostatically in a capacitor. Consideration of these various possibilities established that capacitative energy storage had both technical and economical advantages, the greatest being the ease with which the rate of removal of energy may be varied over wide limits.
A study of the economics of capacitor manufacture and the working voltage of possible switches led to the adoption of 25 kv as the operating potential. With a discharge path length of about 1000 cm and an electric field of 2.0 volt cm-1 , the resistive emf is 2000 volts per turn. In a critically damped circuit, the peak resistive emf is (2/e) x (initial capacitor voltage). The best matching for maximum assumed discharge resistance is thus obtained with a 9:1 turns ratio. The design resistance of the discharge, transformed to the primary, is 1.6 ohms. The required capacitance is obtained from Eq. (4), T=(LC)Í=2L/R=%CR. For R=1.6 ohm and т=1.25 msec, С=1600 ¡d. When this capacitance is charged to the full 25 kv, the stored energy is 500,000 joules. Flexibility to match the actual discharge impedance is provided by the variable turns ratio, and by the addition to the primary circuit of a pulse-shaping inductance with various tappings. The capacitor bank (Fig. 4) consists of 52 steel tank units each of 31 (d. Each tank contains 1920 units of conventional mineral-oilimpregnated paper and foil construction. Internal fuses, are provided for the isolation of any units which become faulty. The capacitors are designed to withstand repeated voltage reversals, giving a peak to peak voltage swing of up to 25 kv.
To limit possible fault currents should a capacitor break down or a short develop, a graphite-loaded 44 SESSION A-7 P/1519 E. P. BUTT et a/. I  2  3  4  5   6   7  8   CORE  CORE  BIAS  PULSE  CORE  CORE  PULSE  BIAS   CLAMPING  NON -MAGNETIC  SUPPORTS  NON-MAGNETIC  WINDING INTER-TURN CONNECTIONS  WINDING INTER-TURN CONNECTIONS  RING  RING UNIT INSULATION  SUPPLY BUSBARS  SUPPLY BUSBARS 1519,3 ceramic-type resistor of 0.4 ohm is connected in series with each unit. Each resistor is capable of absorbing the whole 0.5 megajoule of stored energy. The charging system is a dc supply fed through a transmitting type valve with a water cooled anode (E. 1872). This valve has a pure tungsten filament and is operated to give emission limited current. This provides a much steadier current loading on the dc supply than can be obtained with resistance-limited charging. The grid potential of the valve is pulsed on and off so that the valve also acts as a high voltage isolator between the dc supply and the capacitors.
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The Switch
The capacitors are discharged into the transformer by a mechanical switch operated by compressed air. To minimise electrical wear of the contacts, the switch was designed to have a short arcing time by using a double break contact system, by giving a closing velocity of 600 cm sec" 1 to the moving parts, and by filling the contact chamber with air at ten atmospheres pressure. The switch is held closed by air pressure in the operating cylinder. The switch is opened either automatically, after a short time delay, or by a remote tripping circuit. The switch is not required to interrupt a large current, but the surge voltage, due to breaking a current of a few amperes, is limited by a 2 /xf capacitor and 390 ohm resistor connected in series across the circuit.
The arcing time of this switch at 25 kv has been measured to be about 300 fxsec. To prevent the current from rising to about 10 ka before the contacts are firmly closed, a saturable reactor (magnetic switch) is used in series with the mechanical switch. This saturable reactor was designed to limit the current to less than 100 amp for a hold-off time of 500 jusec with an.impressed voltage of 25 kv, and to have a saturated inductance small compared with the total circuit inductance.
The parameters required for the design of a magnetic switch are: L s , the saturated inductance; t, the hold-off time; and V, the impressed voltage. Assume for the characteristics of the core and winding: AB, the flux swing to saturation; AH, the mmf change which results in AB] and /, the current in the winding at end of time t, i.e., the current producing AH. , where the units are V in volts, t in sec, L s in henrys, AB in gauss. The requirements were satisfied by a biassed 2| ton core of cold reduced silicon steel. The saturable reactor has a saturated inductance of 70 /xh.
Circuit Protection Units
The remaining components are chiefly to protect the capacitors from an oscillatory discharge. Such a The first such unit is the non-linear resistor, which has a high resistance at low currents. It was designed to limit the voltage reversal to 10%, in case the secondary resistance were only \ of the critical damping value, and to reduce the normal peak current by less than 10%. The resistor, made of discs of "Metrosil", has a design characteristic: F = 480/ 0 -25 volts (7 in amperes). Some calculated discharge transients with this resistor in circuit are shown in Fig. 5 .
The second unit is the clamping circuit, designed specifically for a predominantly inductive secondary impedance. The circuit consists of two ignitrons (BK 178), with 0.08 ohm load-sharing resistors, connected in parallel across the transformer primary. The ignitrons are triggered when the transformer voltage falls to zero, and are held conducting by the holding anode. The circuit serves to trap most of the energy as inductive energy in the secondary circuit and has the effect of extending the duration of the current pulse.
Thirdly, the stored energy in the capacitors can be dissipated in a 2 ohm "dump" resistor. This can be connected manually, but is also connected by an ignitrón which is triggered in the event that the gas discharge fails to strike. Without this protection the transformer core saturates, and a low, inductive impedance is presented to the capacitors when they are fully charged.
Lastly, there is an RC circuit, connected across the transformer primary, to protect the non-linear resistor and the switch from voltage transients generated in the gas discharge.
Mechanical Torus
The torus was designed to meet the following basic requirements: (a) it must be vacuum tight; (b) it must E. P. BUTT et al. have the minimum number of electrical breaks to achieve maximum eddy current stability and for maximum exclusion of stray magnetic fields; and (c) its body must not form a short-circuit, and the potential differences at the gaps in it must not lead to breakdown and the formation of power arcs. The chief problem was thus the conflict between requirements (b) and (c). On the one hand, experiments in 35 cm bore tubes showed that in the presence of a strong discharge, a single gap in hydrogen at 10~4 mm Hg broke down at about 100 volts; yet up to 2 kv/turn was to be applied to the ZETA torus. On the other hand, experiments with a 35 cm torus cut into several insulated sections revealed a significant decrease in eddy current stabilization and stray field exclusion. In the absence of ionization, a single gap in hydrogen at 10~4 mm Hg was observed to withstand 4 kv.
To meet requirement (6), the main torus body was made in two halves, of 2.54 cm thick aluminium; each half is mounted on a trolley for ease of assembly. The two main gaps where these halves join are inside the transformer tunnels. Electrical insulation at the main gaps is provided by bakélite and polythene gaskets, and the joints are made vacuum tight by neoprene gaskets. Each half was fabricated out of short sections of rolled aluminium plate welded together. In the centre of each half there is a square window block, containing ports and windows for observations. The four main diffusion pumps are connected to the bottoms of the window blocks.
A liner system was mounted inside the torus to prevent ionization from reaching the main gaps which would otherwise break down. The liners are insulated from one another by a strip of polytetrafluorethylene in "tongue and groove" joints, and are insulated from the main torus wall by mounting them on nylon bushes. There are 48 liners, giving a mean liner-toliner potential of 40 volts at about 2000 volts per turn. The space between the liners and the main torus, which is about 3 cm in depth, is pumped by eight auxiliary diffusion pumps mounted outside the torus. A 0.6 cm bore water cooling pipe is welded into each liner, to provide the main cooling system for the torus. The construction of the torus and liners is illustrated in Figs. 6 and 7 ; the principal dimensions are summarized in Table 1 . 
Vacuum System
The total volume to be evacuated is about 12,000 litres. The working pressure of deuterium is between 10~4 and 10~3 mm Hg. The pumping system was designed to achieve a base pressure of 10~6 mm Hg in the presence of a leak rate of 3 litre-microns per second.
The leak rate requirement calk for a pumping speed of at least 3000 litres per second which is achieved by using two 14 in. diffusion pumps on each half torus. The pumps are operated with DC 703 silicone fluid. Immediately above each pump is a refrigerated baffle ( -15°C), and above this a large liquid nitrogen cooled trap with automatic level control. The torus-liner interspace is pumped by two 6 in. diffusion pumps mounted on each quadrant. All these pumps are backed by a rotary pump with gas ballast facilities. Each half of the torus is self-contained, except for a common backing line, and can be built up and fully tested whilst withdrawn from the transformer. At the normal working deuterium pressure of J /u, Hg, the pumping speed was measured to be about 60001/sec. Figure 8 shows a diagrammatic layout of the pumping system. Pumping lines (not shown) which by-pass the diffusion pumps are used for roughing out the torus. The majority of the vacuum valves are electro-pneumatically operated, and protective circuits are used to shut the system down safely in the event of an excessive leak, or of pump or trap failure.
Hydrogen or deuterium is admitted to the system through heated nickel tubes to ensure high purity. The gas flow to the torus is controlled by adjustment of the nickel temperature. Other gases are admitted through a motorized needle valve. Pressures are measured on calibrated ion gauges, connected by short 2.5 cm diameter pipes to the window blocks, and are accurate to within 10%.
Leak detection is normally carried out with a helium mass spectrometer leak detector; in normal operating conditions it is necessary to clear the torus of deuterium by running discharges in some other gas, to avoid detecting D^ ions in the mass spectrometer. The leak rate normally achieved is between 1 and 5 litre-microns per second. Because of the large number (~300) of O-ring seals, it is not possible to bake the system, although heating to about 50 °C was used on a number of occasions. The normal base pressure achieved was between 1 and 3 x 10~6 mm Hg.
Both spectroscopic observations and mass-spectrometer analyses of samples of gas indicate that the proportion of impurities present during the discharge is not in general given by the simple ratio of base pressure to working pressure. This is because impurities removed from the walls play a major role. The number of atomic sites on the walls is about 10 18 per cm length of discharge, so that if 10% of a monatomic layer is released into the discharge, the amount of impurities is equal to the amount of deuterium at normal operating pressure (N~10 17 cm" 1 ). A striking feature of the apparatus is the clean-up which appears to take place during running.
Control and Instrumentation
The overall layout of ZETA is shown in Fig. 9 . The discharge apparatus is in a chamber about 10x10x10 metres formed by ferro-concrete walls 1 metre thick for constructional and shielding purposes. This chamber is completely open on one side which is used for assembling the apparatus. There are large openings, about 1.5 m square, facing the window blocks of the torus on two other sides, from which observations are made in two laboratories. There is a similar opening on the fourth side, into the control room. There are also small portholes cut in the roof above the window blocks. The pulsed power and the main transformer bias supply are conveyed by coaxial transmission lines through the roof of the chamber.
The equipment for controlling, 7 monitoring and recording the discharges is centralized in the control room. The main units here are: (a) a control desk, on which are mounted the chief manual controls, the timer, safety switches and monitoring oscilloscopes; (b) an eight-channel recording oscilloscope, on which selected transients from each discharge are photographed; (c) racks containing apparatus for controlling the stabilising magnetic field, the bias supplies, the ionizing radiofrequency discharge, pressure gauges and fault monitoring equipment.
Axial Magnetic Field
The axial magnetic field is supplied by fifty 15-turn coils. Each coil is mounted between adjacent liner mountings. At the window blocks and main gaps, auxiliary windings were added to give improved uniformity of the field. The coil is wound from a flexible cable of 1.3 cm 2 copper cross section covered with varnished Terylene. It is suitable for continuous operation at currents up to 200 amp (В г о=160 gauss). For higher magnetic fields the current is pulsed in synchronism with the main discharge pulse. Because of the time taken for flux to penetrate the torus wall, a current pulse duration of about 1 sec is necessary. Supplies are available to provide up to 1000 amp at 1000 v.
lonization of the gas
The applied pulsed electric field is insufficient to cause a breakdown in hydrogen at a pressure of 10~4 mm Hg. The gas is therefore ionized by producing a radio frequency glow discharge inside the torus. A 3 Mc/s oscillator is connected capacitatively to two of the liners, giving an rf current of a few amperes. The oscillator is suppressed during the main current pulse to reduce interference in the various measuring circuits.
Cyclic Operation
The detailed switching sequence of the main discharge circuit is operated by a rotating drum timer.
The drum rotates once every twelve seconds (in early experiments, ten seconds), and the operation of nine separate circuits can be adjusted to within 0.1 sec. The chief units switched from here are the charging circuit valve, the pulsed axial field and the mechanical switch. One of the circuits ensures that a complete cycle is always finished. Other circuits are used for operating such auxiliary items as discharge number registers and camera shutters.
By means of the drum timing, ZETA can be operated for many hours with only minor adjustments to the manual controls of gas pressure, axial field and condenser voltage. Operation ceases automatically under various fault conditions. Single shot operation can also be carried out.
Electronic pulses for operating equipment during the discharge are provided by a ten-channel pulse generator. Each channel has a separate delay circuit for presetting the time of the pulse to within about 5%, up to a total delay of 10 msec. The generator is initiated by pulses derived from voltages in the primary circuit of the transformer.
These timing pulses operate oscilloscope time bases, the rf suppressor, the "dump" circuit, and experimental equipment such as image convertors and gating circuits for counting equipment.
Monitoring and Measuring Equipment
In such a high power circuit as ZETA, it is most desirable that the operator should be able to observe readily and reliably any unusual behaviour of the circuit before damage occurs. This requirement has Figure 9 . Over-all layout of ZETA been met by installing two "Memotron" storage type cathode ray tubes, 8 which retain the transients until they are deliberately erased. Any two of the eight wave-forms being recorded on the eight-beam oscilloscope can be selected for presentation on the Memotron tubes.
The timing and sensitivity of the recording oscilloscope and the Memotrons are calibrated by standard pulses fed from a stabilized generator. The timing of these pulses is derived from a quartz oscillator, and the amplitude is determined by a gas-filled voltage reference tube.
The normal information fed into the 8-channel recording and monitoring system includes: (a) capacitor voltage, measured by a resistance potential divider; (6) primary circuit current, measured by current transformers placed both outside and within the clamping circuit; (c) secondary current, measured by integrating the potential given by a Rogowski coil placed around the discharge tube (Rogowski coils within the tube have also been used) ; and (d) voltage per turn, measured by a single turn around the transformer core and a resistance potential divider.
A large number of further signals derived from equipment such as neutron counters and spectroscopes can be fed into the 8-channel system.
To reduce interference from the electromagnetic fields set up by the discharge, separate earth circuits are provided for light current and heavy current circuits, and balanced twin cables and balanced input circuits are used on the oscilloscopes.
OPERATIONAL EXPERIENCE
After preliminary circuit tests using a stainless steel loop as the secondary, ZETA was first operated on August 12, 1957 . The early experiments, carried out in hydrogen at low currents, served to check details of the circuit and instrumentation. In the next stage, conditions were found for which a high current discharge of interest to thermonuclear plasma studies could be obtained repeatedly. In particular, neutrons from D(d,n) reactions were detected.
The essential feature of such conditions is that the initial value, В г о, of the stabilizing field should be about 150 gauss, depending on the discharge current. The value of the stabilizing field for optimum neutron yield increases with current; and it appears that if the plasma traps all the В г0 flux, the pinch effect cannot produce a calculated enhancement of the initial flux density of more than 20 times. With larger fields the nuclear reaction rate decreases: with smaller fields there are many signs of serious instability, notably high resistance and widely fluctuating magnetic fields in the discharge. This is in accord with the stability criterion of Tayler. ZETA has been operated for about six months, mostly under a limited range of conditions: Deuterium pressure £ ¡л. Hg, initial stabilizing field (В г0 ) 160 gauss, and currents in the range 140-180 ka, obtained with a 9:1 turns ratio. For most of the experiments the pulse shaping reactor was short circuited.
Operation of the machine at high current was limited to avoid excessive damage to the liner system. After prolonged running at high currents (>160 ka), the insulation between the liners deteriorated and liner-to-liner arcs became frequent, leading to insulation failures requiring a lengthy and expensive overhaul.
During the period August 1957-March 1958, there were about 150,000 discharges in ZETA, and four major overhauls of the liner system. The chief modifications to the apparatus were:
(1) Replacement of an earlier form of liner-to-liner insulation (fibre glass tape) by P.T.F.E. (2) Improvements to the uniformity of the В г о field at the main gaps and the window blocks. (3) The addition of the clamping circuit.
These modifications produced no major changes in the character of the discharge; indeed, a feature of ZETA is the consistency of performance in such respects as neutron yield and discharge resistance, from run to run, after overhauls and minor modification. Long periods of cyclic operation have been possible, the longest being 3500 discharges in 10 hours.
In this initial operating period, the reliability of the major components of the electrical circuit was satisfactory. Most trouble has been experienced with relatively standard items, such as air control valves in the main switch, failing after long periods of repetitive operation. Failures of the clamping ignitrons to hold off the main voltage have occurred, probably due to the absence of temperature control on the ignitrons. It has been our experience that the reduction of interference in control and instrumentation circuits is of the greatest importance for trouble-free operation and experimentation.
Electrical Characteristics
The equivalent circuit is shown in Fig. 10 . Values of the various impedances actually used are in Table 2 , where all quantities are referred to the secondary circuit on the standard 9:1 turns ratio. Analysis of this is simplified by ignoring current (which does not exceed 350 amp) in the shunt reactance of the primary winding, and by treating the effect of the non-linear resistor as simply reducing the capacitor voltage by about 4 kv. For fixed circuit elements, the maximum current Jmax and the time ¿ша Х at which it occurs are then given by = (Fo-4000) *t-i (C/L)* exp(-e = {2ЦЩ e cot-i e; Table 2 initially on the capacitor bank, щ is the turns ratio, and time is measured from the point when the magnetic switch saturates. To the same degree of approximation, the current decays exponentially after the clamping circuit is triggered, with a time constant of L*jR*, where L* and R* are the total inductance and resistance of the clamped circuit. The gross characteristics of these oscillograms are those of a capacitor discharging into a predominantly inductive load, with the clamping circuit preventing oscillations. The rise time of 1.2 msec, and the maximum current of 140 ka are accounted for with L = 6.7 /xh and R = 5xlO~3 ohm. This resistance is about a third of the critical damping value; the maximum current in the absence of any discharge resistance would be about 220 ka. The time constant after clamping is about 2 msec, father more than is expected from values of L* and R* derived from the above values of L and R, apparently because the effective resistance is less during the decay. The current does not decay exponentially to zero; there is a rapid rise of discharge impedance towards the end of the discharge, and abrupt current termination.
Values of peak current and of energy absorbed by the discharge, are shown as a function of capacitor voltage in Fig. 12 . The time, ¿ max , to maximum current is about 1.2 msec throughout the range. Both this and the approximately linear increase of peak current with voltage in accord with Eq. (6) indicate only modest changes in L and R throughout the range, due partly to the relatively large value of fixed circuit inductance.
External Circuit Analysis
An example of the primary and secondary current waveforms is shown in Fig. 13 . There is a relatively rapid rise of current during the initial 100 /¿sec up to the point A. Between 1.4 msec and 2.2 msec, the current is shared between the main capacitor circuit /1 and the clamping circuit 12. The corresponding voltage waveforms are shown in Fig. 14 . Saturation of the magnetic switch is indicated by the rapid fall of F S R at the start of the pulse. For the first 100 /xsec or so, much of the capacitor voltage appears across circuit elements external to the torus. The volts-perturn at the surface of the torus, FT, rises to over half the transformed capacitor voltage only after about 200 /xsec, partly because of decreasing impedance in the external circuit, and partly because of increasing discharge impedance.
The observed volts-per-turn, F O b, is the output of a single-turn loop around the iron core, roughly parallel to the inner circumference of the torus. This is, in effect, the voltage at a tapping point in the secondary leakage inductance LL external to the torus. Measurements of the inductance with the torus short circuited at the two main gaps yielded LL = 2.2 /xh. The tapping point was found to be at 0.30 LL. Consequently,
Measurements of the energy absorbed by the gas discharge are made by integrating the product V^I with respect to time (Fig. 12) . The clamping ignitrón is fired at F O b = 0, and from this point the discharge absorbs only energy stored in the leakage inductance LL. Energy dissipated in the clamping circuit is about 10% of the energy dissipated in the discharge after clamping. Energy remaining in the capacitors is dissipated in the non-linear resistor, and the capacitor voltage finally reaches the voltage across the clamp circuit which is about -300 volts. The relevant waveforms are shown in Fig. 15 .
Discharge Characteristics
The inductance L g and resistance R g of the gas discharge are related to the voltage at the torus wall by
The resistance R g includes a term for eddy currents flowing in the torus walls and the liners, calculated to be 10~4 ohms. The inductance I s corresponds to the magnetic energy generated within the torus. Assuming an idealized model of the discharge, in which all currents flow on the skin of a pressureless plasma cylinder of radius r, with the stabilizing field flux all trapped inside the plasma cylinder, the radius r of the channel is related to the current I and the bore, 2a, of the torus by: 27 aB гО _ I" (10) where /' is the current «В г о/2 at which the selfmagnetic field B e at the torus walls is equal to the stabilizing field В г о.
The inductance per unit length of discharge corresponding to B e external to the plasma is thus 2 log(//7'), and Eq. (9) becomes
where the additional term in the bracket corresponds to work done in compressing the axial field and Л is the total length of the discharge. The effective inductance LE of the discharge for peak current calculations is given by |LE(/max) 2 =total magnetic energy, that is:
These equations are based on cylindrical geometry, and ignore the toroidal shape of the actual discharge. In so far as gas pressure alters the situation, it represents a correction to /': if the self-field has to support both B z and gas pressure, then Г will be larger than given above, and LE will be less. In so far as the currents are distributed throughout the gas, Г and the radius of the discharge have to be redefined so that they represent appropriate averages. Taking the waveforms of Fig. 11 , Eq. (12) requires LE=3.9 /Ж whereas the value obtained from the rise time and maximum current is 3.4 ^h. . Effect of gas pressure on gas resistance, R g current and energy absorbed; Bzo = 160 gauss fixed inductance of 0.14 /xh for the space between the liners and the torus walls; and (b) an inductance corresponding to the skin depth of the current. If the skin depth is large, so that current density is constant in a cylindrical approximation, the inductance is 0.6 fth: with a very small skin depth this inductance is negligible. In either case, the effective discharge inductance must be expected to be relatively small when I <F, and the rapid rise of current (Figs. 11 and 13) between zero and I=Г=40 ka at point A supports this view. The following quantities have been derived from observations and are shown in Table 3: (a) F T /(dI/di) at the start of the pulse, which is the initial discharge inductance if dLjdt= dR/dt=O; (b) Fj/J at /max, which is the effective resistance at peak current-the true resistance only if dLldt=O; (c) effective inductance at clamping from the L*¡R* decay time, using estimate (6) for the resistance; and {d) energy ¡VyLdt absorbed by the discharge between f/ ma x on the rise and flmax on the decay of the current.
The values of effective resistance and inductance were checked in a number of cases by observing the variation of the decay time as a function of added inductance in the clamped circuit. This procedure yields independent estimates of L g and R g near current maximum, which agreed within about 30% of the estimates obtained from (6) and (e). 
Variation of Conditions
The characteristics are largely independent of gas pressure over the range investigated (Fig. 16) . Only a transitory low current discharge can be obtained when the deuterium pressure is reduced below about 0.06 jn Hg (3x 10 1в deuterium atoms per cm length). The apparent resistance of the discharge increases at higher pressures, and also if the discharge takes place in a heavier gas.
The characteristics are sensitive to magnetic stabilising field (Figs. 17 and 18) ; in particular the discharge becomes predominantly resistive with low or zero stabilizing field. After cyclic operation for more than a few shots at a low field, the discharge often fails to strike.
The characteristics are sensitive to the cleanliness of the torus. The first discharges after exposure to the atmosphere are predominantly resistive, arid are accompanied by a several-fold rise in pressure at each discharge. Optical spectrograms support these indications that the discharge releases large quantities of gas (hydrogen, carbon, nitrogen and oxygen) from metal surfaces facing the plasma. The torus appears to clean up after about 1000 discharges in cyclic operation, depending on the degree of contamination. When "clean", the resistive emf is about 500 volts per turn at current maximum, the volts-per-turn trace exhibits the striking transient peaks-visible in Fig. 11 , the neutron yield rises to values which are normally repeatable to within 25%, and a pressure drop of up to 50% is recorded by ion gauge readings at each discharge. Most observations after clean-up are repeatable over long periods of continuous operation, e.g. the current maximum is reproduced to within 5%. However, after a pause of even a few minutes some two or three discharges are required to reestablish given conditions. The deuterium was mixed with 5% of nitrogen as estimated from ion gauge readings, which helped to limit the final voltage transient and also served as a tracer impurity for spectroscopic studies. This addition has little effect on the other electrical characteristics or on the neutron yield. Both this observation and the relative intensity of spectral Unes suggest that, even after clean-up, a substantial fraction of the gas in the discharge is impurities of one sort or another. These could well be evolved at the arc-spots formed on the liner surfaces. The resistance is increased by inserting probes into the plasma and by reducing the uniformity of the stabilizing magnetic field.
Voltage Transients
The voltage transients, such as those visible in Fig. 11 are shown on an enlarged scale in Fig. 19 . These transients are due to changes in current, generated by the dynamic behaviour of the plasma, flowing in the primary circuit inductances. They appear when the torus is clean and have a typical magnitude, near peak current, of 1-2 kv per turn, generated by a current change of between 0.05 and 0.1 /maxThe transients are not usually symmetrical. The current drops rapidly for about 10 j^sec and recovers slowly during the next 90 /tsec. Their frequency varies during the pulse with an average time between transients of about 100 /¿sec. This time is not markedly dependent on gas pressure or stabilizing magnetic field. The amplitude of the transients is much reduced after clamping.
If the transients are due to a sudden increase in resistance of the discharge, then the observed rate of fall of current, together with the estimated circuit inductance requires this increase to be about 0.1 ohm for about 10 jusec: if to an inductive effect, then the required inductance change is 0.3 to 0.6 juh.
These transients are correlated with X-ray production. In an analysis carried out for standard conditions, with / m ax= 180 ka, about 50% of the X-ray photons detected were emitted within 1 jusec of a voltage transient. There is also some evidence of correlation between neutron emission and the voltage transients. 
Discharge Configurations Magnetic Fields
The magnetic fields in limited regions of the plasma have been measured with search coils. The positions of the probe coils and the components measured are indicated in Fig. 20 . Figure 21 shows plots of the magnetic field components obtained by averaging measurements over five pulses at the time of the peak current of 160 ka. The values of В г have been corrected for the initial field Bzo-The magnetic field direction varies continuously from an axial direction at the centre of the channel to an azimuthal direction at the outside over a distance of about 30 cm. The radius of the current channel, defined as the distance from the centre to the position of maximum B e is about 25 cm. The axial field at the centre of the channel is about twelve times the initial value. This compression is somewhat smaller than the value of 16 calculated from the simple trapping analysis in cylindrical geometry. Figure 22 shows approximate current densities derived from the field measurements, using the expressions where / is distance from the estimated centre of the current channel, and I is the distance from the axis of the torus. The rise of i z in the centre, and the predominance of ц on the outside of the channel further emphasises the difference of the observed distribution from the simple skin-current model. In Fig. 23 , the observed configuration is compared with those to be expected on the paramagnetic model, 10 assuming constant temperature and cylindrical geometry, and on an assumed model in which the current vector is always parallel to the magnetic vector; that is, a force-free configuration. The actual configuration lies between the two. Pressure balance analyses suggest that the value of NkT that could be contained by the current channel is no more than one third the value given by the simple pinch equation.
The field configuration of Fig. 21 does not appear to arise as a consequence of the decay of skin currents. Values of Be and B z as a function of radius and time are shown in Fig. 24 . The initial distribution of B e indicates a uniform distribution of current throughout the channel, in agreement with the inferences drawn from the values of .initial inductance. The compression of the current channel, which sets in between 100 and 200 /usec, appears to take place uniformly over the tube, and at no time is there evidence of a marked skin current. (В г is not corrected for Bat in Fig. 24.) Measurements of both B e and B z with horizontal and vertical probes yield evidence of a complicated systematic drift of the current channel throughout the current pulse. Defining the centre of the current channel as the point where B e =0, results shown in appears to be rather greater than when they are opposed (not illustrated). There is also a vertical motion of the current channel. With a parallel arrangement of B z and I z the channel centre moves upwards (Curve B); with the normal antiparallel arrangement the motion is downwards (Curve C). When B z o is very small or zero, there are rapid and violent fluctuations of the magnetic field, corresponding to the instabilities of the current channel. As В г а is increased, these fluctuations are reduced, and the fields rise and fall in step with the current. These rms fluctuations are illustrated in Fig. 26 . Examples of the oscillograms are shown by Harding et alfi
Streak Pictures
Evidence of a qualitative nature on the discharge configuration is yielded by streak pictures. In a heavy gas such as nitrogen, or before clean-up, streak pictures such as Figs. 27 and 28 are obtained. These show light coming mainly from a channel about 25 cm in radius. The channel appears to reach the wall of the tube only occasionally during the pulse. Luminous gas appears to be ejected from the walls at these times.
Such streak pictures have not been obtained in deuterium in "clean" conditions. Visible radiation from a pure hot deuterium gas is extremely weak, and light from impurity radiation predominates. An example of a quartz ultra-violet streak picture taken simultaneously with a visible light streak picture is shown in Fig. 29 . Both pictures, though taken with different radiation, are remarkably similar. Both show a feature very characteristic of clean conditions: vertical bars of light which extend right across the tube. The time between bars is from 10 to 30 /tisec and they appear to come in bursts separated by about 100 ¿¿sec. In many cases discontinuities in the light output can be correlated with the transients on the voltage waveforms.
The streak pictures show arc spots on metal surfaces in the field of view. Typically, these arc spots appear intermittently throughout the discharge pulse and several are seen per pulse.
Plasma Parameters
The state of the plasma is determined by the following parameters: electron density n e ; ion density m; electron temperature T e ; ion temperature T¡. These parameters must be presumed to vary throughout the discharge pulse and from one part of the plasma to another. At the present stage, it is only possible to report rough estimates near peak current under standard conditions.
Electron Density
The initial density of deuterium corresponds to an electron density of 0.9 x 10 13 cm-3 . To this must be added a correction for the electrons from multiply ionized impurities. At least, this must correspond to 5% of nitrogen ionized on the average about four times, so that n e is raised to 1.1 x 10 13 cm- 3 . Supposing this to be compressed by a factor of (I//') 2 , or by the compression factor observed for B e , densities obtained for the central region of the discharge are of the order of 1014 ст -з f or currents of 140-180 ka. Transmission of 4 mm microwaves (critical electron density = 7 x 10 13 cm~3) is only detected, 6 for about 100 /xsec from the start of the current pulse at high currents. The densities at peak current under standard conditions exceed 7 x 10 13 cm" 3 . The compression calculations apply also to the deuterons: central densities of the order of 10 14 cm" 3 are therefore to be expected, but there is no direct evidence on deuteron densities.
Electron Temperature
Estimates of the electron temperature have been made from microwave noise measurements and from the resistance of the discharge. The values obtained are summarized in Table 4 . The estimates of T e made from the effective resistance at peak current are likely to be underestimates because current density and electric field are assumed to be uniform across the discharge, impurities are ignored, and the plasma is considered quiescent. The microwave measurements may give an underestimate of T e because a reflection coefficient of zero is assumed, and an overestimate in so far as the microwave noise is assumed to be all of thermal origin.
An upper limit is provided by the highest levels of ionization and excitation observed in the optical spectra. These are listed in Table 5 . Only one of these lines, the C v triplet at 2278 Â requires appreciably more than 100 ev to excite it. The N VI and O vn iso-electronic lines with excitation potentials of 426 and 570 ev are not seen: they are at least five times weaker.
Calculations of collision excitation from the ground state 11 suggest that the intensity of the C v triplet is consistent with an electron temperature of less than 10 6 °K if more than 1 % of the ions are C v . This fact, together with the absence of other spectra requiring appreciably more than 100 ev to excite them, places an upper limit of about 10 6 °K for the electron temperature. Precise estimates depend on more detailed knowledge of the atomic processes concerned, and particularly on the recombination time. Table 6 . The experimental accuracy of individual measurements is about 25%. The results indicate the temperature increasing as pressure is decreased, and as J5 z o is increased. 6 Temperatures measured throughout the discharge pulse do not vary widely, and suggest that SESSION A-7 P/1519 E. P. BUTT et al. 
(1)
Intensity, Ф Estimates of the deuteron temperature made from these measurements depend on establishing (a) the extent of equilibrium between the impurities and the deuterons, and (6) If the impurity is trapped in the gas at the start of the discharge, these times are quite short enough to estabUsh equiUbrium. The chief impurity Unes used for Doppler width measurement have been observed mostly in the middle regions of the discharge tube. Figure 30 shows the intensity profile along the window together with temperatures obtained.
There is as yet no reUable direct evidence of the contribution of mass motion to the broadening of the spectral Unes. The Doppler widths correspond to velocities of about 5 x 10 e cm sec -1 . If the broadening were all due to the ions moving with the same velocity as the channel, then the deuterons would have an energy corresponding to about 0.7 xlO 6 G K. Since there must be some degradation of the mass motion to thermal motion, as a con'sequence of viscous effects, shock waves and gyro-relaxation effects, the deuteron energy is likely to be intermediate between the values corresponding to 0.7 x 10 e and 5 x 10 e °K at currents between 140 and 200 ka.
Energy Considerations
Comparison of the observed energies of the impurity ions with the estimated electron temperature yields evidence that these ions can achieve mean energies substantially greater than the mean energy of the electrons. For a deuteron plasma with n e =m= 10" cm-3 and T e =0.5 x 10 6 °K, the relaxation time for deuteron-electron colUsions is about 180 jusec, so the rate of energy transfer from the deuterons to the electrons is calculated to be about 10 watts cm-3 , if the deuterons are maintained at 10 6 °K. This corresponds to about 10 7 watts in the whole current channel. The sudden falls of current, of about 10 4 amp at each voltage transient (Fig. 11 ), correspond to mechanical work being done on the plasma at the rate of about 3 x 10 7 watts, if the transients are interpreted as being due to inductive changes. The duration of the transients is comparable with the deuteron-deuteron relaxation time, and longitudinal Alfvén waves are calculated 13 to be damped mainly by viscous effects under the estimated conditions of the plasma. Consequently, it seems quite possible that the ions are maintained at a higher temperature than the electrons.
The thermal energy per unit length, %NkT, of the gas contained by the pinch, must be less than that given by the simple pinch relation Eq. (1), because of the trapped stabilizing field. This relation can be rewritten Q, is the effective resistance per unit length. If energy is lost as radiation at a rate P, then the time Ah taken to heat the plasma from zero temperature to a temperature at which the magnetic field can no longer contain it is given by: = (3j8/4Q)[l-(P/£2/2)]-i.
pi 2 = 2NkT,
where j8 is a factor which, according to the magnetic field measurements, is no greater than \. Taking iV=2x 10 17 cm-1 and j8=£, the mean temperature T is calculated to be 6 x 10 5 °K at 100 ka and 2.4 x 10 6 °K at 200 ka.
The maximum thermal energy trapped in the current channel is f/?/ 2 . The power input is Ш 2 where This quantity, Ah, thus represents a crude ' 'thermal stability time" which is only infinite if the power radiated is equal to the power input. At the currents so far used this condition cannot be satisfied by bremsstrahlung radiation alone.
14 Preliminary measurements 6 indicate that, in clean conditions, P is substantially less than Ш 2 . Hence, neglecting the radiated power, taking /3= J and using the observed values of O, we obtain Ah-100 /¿sec.
The time, Ah, may be compared with the "energy containment time" to be used in Lawson's criterion 15 for a measure of the efficiency of a thermonuclear device. This time is Ah = 30/4 О
which is equal to Ah in the absence of radiation.
SUMMARY
ZETA is a fully engineered apparatus in which currents of up to 200 ka have been passed through gas in a torus. This torus has a bore of 100 cm and a mean circumference of 1160 cm. The current pulse has a duration at half height of about 2 msec. The current waveform corresponds to a capacitor discharging into an inductance and resistance in series; the resistance being about one third of the value for critical damping. The apparatus can run for long periods at a rate of one pulse every twelve seconds.
A basic condition for a thermal plasma in a gas discharge is that the drift velocity of the electrons shall be much less than their thermal velocity. In ZETA, where the average values are about 10 7 cm sec" 1 and 5 x 10 8 cm sec" 1 respectively, this condition is satisfied.
X-rays of 20 kev and upwards and D-D reactions due to non-thermal processes have been observed. If these processes are a result of runaway particles they account for only a fraction of the total current; i.e. 25 amp of runaway electrons and 1 amp of 17 kev deuterons.
5 » e Both inductance and magnetic search coil measurements show that the current channel is constricted into the centre of the discharge tube, and the stabilizing field is enhanced by a factor of about ten. The stabilizing field is not trapped by currents flowing only on the surface of the plasma and the observed distribution of magnetic fields has yet to be explained.
At peak current of 140-180 ka, the resistance of the discharge and the fluctuations of the magnetic field increase markedly as the stabilizing field is reduced from about 160 gauss. At very low fields the discharge often fails to'strike in clean conditions. Streak pictures taken with the normal stabilizing field indicate that the plasma is isolated from the walls for periods of up to 1 msec in nitrogen and in contaminated helium and deuterium. Under clean conditions, the magnetic field fluctuations, and the current and voltage transients, suggest that the plasma is by no means stationary.
Impurity ions in the channel have been observed spectroscopically to have energies up to 500 ev. These energies, which are much larger than the mean electron energy, may be accounted for by this motion of the plasma, both directly and as an ion heating mechanism.
The observed power input and the estimated maximum plasma energy (%NkT) suggest that the energy containment time Ы% cannot exceed about 100 jusec. The efficiency of ZETA as a thermonuclear reactor is indicated by the Lawson product m Ah, which is thus about 10 10 cm" 3 sec. This may be compared with the value of 10 ie cm~3 sec required for a power producing thermonuclear reactor (D-D). ZETA is capable of considerable further development. Ultimate restrictions imposed by heat loading of the walls and the available flux swing in the transformer core, haye not yet been approached. Currents of about 1 Megamp should be obtainable by increasing the capacitor bank. The limiting factor in the experiments described here has been the insulation of the liner system.
ZETA has fulfilled its planned function of producing a hot plasma for experimental studies of the possibility of a thermonuclear reactor based on the pinched gas discharge. It is clear that a very wide range of physical phenomena occur in the discharge and that many further experimental and theoretical studies are necessary before it is possible to make reliable predictions about the features of a power producing thermonuclear reactor based on this principle.
